We present the preliminary results of a feasibility study performed by a team of scientists and engineers from NASA, academia and industrial concerns. The candidate concept is a deployable 8 meter diameter telescope optimized for the near infrared region (1-5 microns), but with instruments capable of observing from the visible all the way to 30 microns. The observatory is radiatively cooled to about 30 K and would be launched on an Atlas TI-AS to the Lagrange Point L2.
INTRODUCTION
IRAS and ISO have shown the enormous sensitivity advantages of cold space telescopes for observations at or beyond 3 microns, a wavelength range dominated by thermal emission from the atmosphere and optical systems for telescopes within the earth's atmosphere. Compared to ground facilities, space telescopes also have significant advantages at shorter wavelengths for wide-field, diffraction-limited imaging.
AURA's HST & Beyond Committee' recognized the enormous scientific capabilities of a large-aperture, infrared-optimized space telescope and recommended strongly that such a mission be developed to follow the HST and SIRTF programs. The Committee, chaired by Alan Dressler, recommended a passively cooled telescope be built to carry out the core mission of studying the early formation of stars and galaxies at high redshift. A diameter of at least 4m would be needed to provide resolution comparable to HST (corresponding to scale lengths of about 1 kpc at high redshift) and the sensitivity to detect the compact, essentially unresolved star forming regions in early galaxies (3 < z < 10). The lIST & Beyond report also listed a wide range of additional scientific research which would be enabled by such a facility in both the optical and the thermal infrared.
The goal of our study was to show that NGST can be built for $500 M (FY 96 funds) with a life cycle cost of $900 M, not including data analysis and technology development. This is small compared to the fiST life cycle cost, of order $6B. The plan is designed for a launch around 2005, but such a fast schedule is clearly dependent on prior technological demonstration and progress leading to approval.
With support from the Origins office at NASA Headquarters, the Goddard Space Flight Center (GSFC) and the Space Telescope Science Institute (STScI) began a feasibility study of a large passively cooled telescope, dubbed "NGST" after the 1989 STScI NGST Workshop2. MSFC (Marshall Space Flight Center), JPL (Jet Propulsion Laboratory), and the Ames and Langley Research Centers are providing resources, as are several engineering firms. The goal of the study is to demonstrate the feasibility of developing a large, passively cooled telescope that meets or exceeds the HST & Beyond technical goals.
To gather the best ideas that academia and industry have to offer, NASA has also funded two independent studies by industrial and academic consortia led by TRW and Lockheed-Martin. The best features of the independent studies and the NASA-led study will be compared in late August and will be used to develop a plan for further mission definition, technology development, cost estimation, and eventual procurement of the flight hardware and software. We present hereafter the preliminary results of the study performed under the leadership of NASA.
STRAWMAN SCIENCE PROGRAM
Clearly, astronomy will always benefit from bigger and better telescope, and a compromise must be found between technical and financial feasibility and scientific capabilities. In order to better understand the interplay of the various observatory parameters, we have established a strawman observing program mostly based on the prime targets identified in the "HST & Beyond" report. This observing program was defined iteratively by testing scientific requirements against realistic capabilities and mission lifetime. This process was facilitated by formulating each type of target requirement in a computer program allowing for the testing of different instrumental parameters.
Although the program is heavily biased toward cosmological problems, we intended to have a balanced share between the various scientific research themes. About 51 % is dedicated to a Core program directly linked to the Origins Program and implementing the various aspects of the Origins of Galaxies study as outlined in the "HST and Beyond" report. This Core program is the minimum program that a mission of this type should try to achieve. The rest is devoted to science projects not related to the Origins of Galaxies studies but infeasible with other kinds of instruments. Although the selection of the scientific program elements is somewhat subjective and dependent upon current scientific interests, it is broad enough to be generically representative. A brief description of each of the research goals and of the corresponding observational parameters is given below.
Supernovae study (Core). The interest is twofold: one can both use the SN as standard candles to improve our knowledge of the geometry of the Universe (qo and )) and also use them to study the material universe before the birth of galaxies. These goals are achieved by identifying about 100 SNe at redshiftgreater than 2 (i.e. down to KAB 31), following them for two "rest frame" weeks before and two after maximum. The study includes low resolution spectroscopy. Additional SNe will be identified while monitoring the 100 main objects.
Deep Fields (Core). One deep field (down to KAB magnitude 32) and 100 less deep (KAB 30) flanking fields will be observed in several broad band filters. Several classes of objects will be identified in these fields. Galaxies at redshift greater than 2 will be studied spectroscopically at low and high resolution to derive their redshift, their spectral energy distribution, and their internal kinematics to study the early evolution of galaxies and of their dark matter content. Universe at redshifts z > 2 (Core). This includes followup studies of objects identified in the Deep Fields and searches for relatively bright but rare objects. In particular, primeval spheroids, birth and evolution of disks, the origin of heavy elements, birth and evolution of AGN are all included in this category.
Cosmic Distances. Includes studies based on gravitational lensing and gravitational time delays.
Siellar populaiions in the nearby universe. For both local group and Virgo Cluster galaxies color-magnitude diagrams will be obtained down to the horizontal branch luminosity both in the optical and in the near infrared. Individual object classes. A variety of studies in both imaging and spectroscopy that can take advantage of the NGST performance. Collectively these projects make up 17% of the program.
Kuiper Bell object searches. The searches will be carried out down to magnitude AB 30 in the optical and near infrared and AB 25 in the thermal infrared. This would allow for a statistically meaningful study of their properties as well as of the distribution in space.
Having defined a strawman science program, it is a simple matter to study the role of the main instrumental parameters on the scientific capability of the mission using the completion rate of the program over a given mission lifetime as a figure of merit. In particular, the influence of the telescope diameter, instrument field of view, optics temperature, optics throughput, parallel use of instruments (several instruments observing the same field either simultaneously or successively if they do not share the same field of view) , detector readout and dark current noise, can readily be quantified.
Two of the main results of this parametric study are shown in Fig 1. The main conclusions which can be drawn from these trade-off studies are as follows:
. -The science program is driven by sensitivity in natural background-limited conditions, not by angular resolution. As a result, the aperture configuration should be as compact as possible, with a full circular aperture preferred. Multiple apertures and interferometric systems would be far less efficient. . -To some extent, telescope diameter and field of view can be traded against each other. This is because the scientific program is dominated by surveys in background limited mode, not by individual targets or high resolution programs. Since instruments are typically less expensive than telescopes, this indicates that instruments should be built with as large a field of view possible, i.e. within the limit allowed by optical aberrations and packaging.
. -The optics temperature must be below 60 K so that the telescope emission be negligible for the core program (up to 5 microns) compared to the natural zodiacal background, and less than 35 K to enable the thermal infrared science program.
. -The detector dark currents should be improved by a factor of 5 over the current state of the art (0.1 electron/s per pixel) so that detectors do not limit sensitivity.
The desired characteristics of the observatory resulting from the original HST & Beyond recommendations and these science program analyses are summarized in Table 1. 3 THE OPTICAL TELESCOPE ASSEMBLY Current launchers cannot accommodate payloads with diameter larger than 4 meters. Since an 8 meter aperture was set as a goal for the study, the primary mirror had to be deployable in the manner of those developed for ballistic missile defense requirements. Fig 2 shows the proposed telescope concept. The primary mirror is composed of a central core and 8 surrounding petals which are folded for launch. The mirror elements are made of an ultralight weight optical surface supported by a backup structure. The secondary mirror is also deployable because of payload height limitations.
The optical configuration of the telescope is a three mirror system which provides a real accessible pupil and permits the use of a relatively fast primary mirror to minimize telescope length and still benefit from a large field of view. A real pupil permits the use of a fast steering mirror for fine pointing, and a deformable mirror for wavefront correction, and facilitates the placement of cold stop for lowering background. There are many choices for materials and configuration for the mirrors, but all require adjustment of some sort. Adjustment of the figure of the primary permits a very large number of actuators if they can be small and light weight, and they must require little or no electrical power to hold position. There must be sufficiently good adjustment that the edges of the mirror segments match within a fraction of a wavelength of light. Adjustments at a deformable mirror at an image of the primary can not easily compensate for steps in the primary surface.
Materials of interest for the mirror surface include glass or fused quartz, silicon carbide (either chemical vapor deposited or reaction bonded powder), polymer-fiber composite, beryllium, and nickel. Each has its own virtues and difficulties of fabrication, thermal distortion, fragility, thermal conductivity, vibration damping, and so forth. A technology development program is being defined to compare the materials and the configurations that use them. The choice of primary mirror has major impacts on the mechanical design of the rest of the mission and must be one of the first decisions made.
There are many choices of wavefront sensors. It is sufficient to obtain images of a bright star at several focal positions, which are then processed by a phase diversity algorithm. Simulations show that the full wavefront error can be deduced from a few images. For more immediate results a Shack-Hartman sensor can be used, but it senses wavefront tilt and not piston error. To obtain piston error more quickly, one may take a spectrum of a bright star. The interference fringes produced by a step in the wavefront yield a periodic pattern in the spectrum, which may be immediately interpreted to give the amount of piston error.
There is no reason to expect rapid changes in the mirror adjustments. The thermal environment is stable for long periods of time and the vibrations produced by the warm part of the spacecraft must be isolated in any case.
Because of the selected orbit where the moon and the earth are always hidden by the sun shield, no external baffling is required. This is also advantageous in order to permit a high degree of passive cooling for the optics. The integrated starlight on the open primary and secondary mirror creates a straylight level at the focal plane which is negligible compared to the zodiacal light level. Off axis bright objects are prevented from entering the science instrument module by a combination of an outer baffle surrounding the secondary mirror and an inner baffle above the primary mirror.
All mirrors are coated with protected silver to achieve the highest reflectivity and lowest emissivity between 0.6 and 26 microns. Contamination by hydrocarbons, polymerized by ultraviolet, makes it difficult to extend the wavelength range into the ultraviolet without major efforts in contamination control. If necessary, a protective cocoon could be built. Micrometeoroids will produce pits a few microns in size and will erode about O.2surface over the course of 10 years, contributing to the mirror scattering at wide angles. It is not practical to stop the micrometeoroids with a thin shield, which would be easily punctured. Initial contamination by particulates must be kept below this level.
THE SCIENCE INSTRUMENT MODULE
The suite of instruments that we have selected in response to the strawman program includes high performance cameras and spectrometers covering the spectral region from 0.6 to 30 microns with an extensive field of view. The suite has been configured to reduce cost and complexity with no sacrifice in scientific merit. A common optical bench minimizes interfaces, a guiding system integrated in the science module makes use of the science cameras with minimal penalty to science, and all near infrared instruments make are built around the same detector module. In addition, and perhaps most important, high observing efficiency is achieved thanks to very large fields of view, high throughput optics and parallel operation of all instruments.
The instrument suite is composed of a near infrared camera (actually composed of 4 sub cameras all identical), a multislit near infrared low resolution spectrograph and a thermal infrared camera/spectrograph combination. Table 2 summarizes the key parameters of the instrument suite.
The near infrared camera, the thermal infrared camera and the multi-slit near infrared spectrograph can work in parallel thereby significantly decreasing the time required for performing surveys. Clearly, the cameras do not need prior target acquisition, since their field of view is large compared to the uncertainties of the pointing system, but when not working for specific fields, the near infrared multislit spectrograph can also be used in a fully autonomous parallel mode ( "point and shoot" ) with automatic selection of the targets increasing further its usefulness.
Because of the very large format required, each of the NIR detectors is made of a mosaic of 16 lkxlk arrays arranged in sets of 4. This is both to reduce cost (no supplemental development effort beyond existing technology, higher yield and easier rework during the testing phase) and to minimize the impact of the guiding function on science data take (at any one time, one of the 64 chips of the cameras is used for guiding). Larger format arrays would be beneficial but not required; sensitivity is far more important.
The NIR spectrometer is a multi-slit spectrometer with a spectral resolution of 100 to 1000, and a spatial resolution of 100 mas covering a field of 3x3 arcminutes. The key to the instrument is an integrated circuit micromirror array with digital control recently developed by Texas Instruments. The array is composed of 1800x1800 micromirrors which can be tilted at 20 degrees from the uncontrolled rest position. The array is positioned at a focus such that at one tilt angle, the micromirrors reflect the incoming beam into the spectrograph, while rejecting the beam in the other angle. The micromirrors can be then arranged to form single slits of any desired width and length, or, more interestingly can be used to form multiple slits for multiple object spectroscopy. Further development is required because the cryogenic performance is not known, and larger micromirrors are preferred for this application.
The near infrared camera and detectors are operated at the nominal 30 K, to which temperature the Science Instrument Module can be passively cooled. At this temperature the thermal emission of the optics and the detector dark current are negligible. This is not the case in the thermal infrared and critical elements of the TIlt camera and spectrometer must be cooled actively, the filters and cold stop down to about 15 K and the detector down to at least 8 K. The temperature requirement would be eased if HgCdTe detectors with longer wavelength coverage (out to 10 microns) could be developed with low enough dark current, or if the scientific requirement for longer wavelength coverage were removed. Using a cryogenic Dewar was rejected because of the volume and weight penalty (a 5 year lifetime Dewar would weigh about 80 kilograms). Among the possible cryo-cooling systems we have selected the Brayton reverse-cycle cooler being developed by Creare because of its moderate power requirement (60 W), low mass (less than 10 kg), high reliability, long life and very low level of vibration. This is the standard cycle used for helium liquifiers, but the miniaturization requires the fabrication of turbines less than 1 cm long that spin at 5 Kllz. The hydrogen and helium sorption pump system with zeolite pumps and Joule-Thompson expansion would also work and has been developed by L. Wade at JPL for other missions.
THE SPACE SUPPORT MODULE
The space support module performs all the communication, telescope and instrument control, attitude control and data processing for the observatory. It also supports a large deployable double sun shield which protects the telescope and instruments from the sun and allows them to be passively cooled to about 35 K. Since the space support systems are best operated at around room temperature, the space support module is located on the sun side of the sun shield. A cross section view of the deployed observatory is shown in Fig 3. The total mass of the observatory is less than 2800 kg. It is a significant technological challenge to meet this mass requirement, and improvements to all the subsystems are required.
Vibration isolation between the reaction wheels used for attitude control and the telescope assembly would be improved by active servo controls. These would be placed between the reaction wheels and the spacecraft structure, and between the spacecraft structure and the thermal isolation truss that connects it to the telescope. The only vibrations transmitted to the telescope should be at frequencies well below its resonant modes and well below the bandwidth of the fast steering mirror, This is expected to be a few Hz, based on a 19th magnitude star seen through the telescope with a sample rate of the order of 60 Hz and an uncertainty of a few milliarcsec per sample.
The solar shield. is a key element. Multiple layers are needed to achieve low enough temperatures. It must also be designed to make the solar radiation pressure torque very well balanced, or else the reaction wheels will fill to capacity in a few hours, and fuel will have to be expended to remove the accumulated angular momentum. Our concept includes a shield which is deployed by inflating tubes of fabric-reinforced plastic and aluminum. Alternatives will also be considered, including more traditional struts, cords, and pulleys.
104/SPJE Vol. 2807 The observatory would be located on a halo orbit around the second Lagrange point of the sun-earth system.
Such an orbit benefits from a very low level of disturbance (no gravity gradient), and minimizes straylight constraints since the sun, earth and moon are always in the same direction. At a distance ofonly 0.01 astronomical units away from earth, it provides much easier communications than alternative solar orbits like the SIRTF 1 AU drift-away orbit. On the other hand, station keeping fuel is required for the L2 orbit.
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